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ABSTRACT

An experimental program to obtain information about the neutralization
properties of the simulated solar wind has been conducted. Selected themal
control coatings were exposed to the simulated solar wind and solar electromagnetic
radiation environrment. Duplicate exposures except for the presence or absence of
“themal" electrons to neutralize the 1~keV proton component of the space radia-
tion environment were performed. Effects of each component of the simulated
environment, and effects of the entire combined environment, as manifested in
changes in reflectance properties of the coating specimens, were ascertained. Re-
flectance degradation resulting from exposure to the overall combined environment
generally was found to be less than the sum of degradations sustained by exposure
to components of the space environment. In contrast to predictions, the presence
of "themal" electrons as an additional component in half of the simulated environ-
mental exposures resulted in only somewhat heavier damage to the reflectance
properties of the coatings. Thus, the long-observed discrepancy between heavy
coating damage indicated by interplanetary space flight data, and less damage
shown by laboratory simulation of the interplanetary space environment is reduced,
but still remains. Plausible reasons for the continuing discrepancy and logical

future efforts to resolve it are outlined.
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INTRODUCTION

The Solar Wind Environment

Present understanding of the solar wind indicates that it consists of a macro-
scopically neutral flux of electrons, protons, alpha particles, and heavier ions,
flowing radially from the sun. The average proton density is approximately 5 em=3,
with an average velocity of 500 km/sec. Thus, the proton flux is approximately
2.5x 108 em™2 sec"‘, with the protons having an average energy of cbout 1 keV
(kiloelectron volts). Alpha particles, as wel! as heavier ions, have average
velocities similar to that of the protons. The alpha to proton number density ratio
varies between (. 5 wercent and 15 percent, whereas heavier ions exist in much
smaller numbers. These data have been obtained and confirmed during various
space probe missions, including the Mariner Venus and Mars probes and the Pioneer

é space probe (References 1 through 3).

The density and energy spectrum of the solar wind electron component is
less well determined. Assuming that all particles are emitted with equal radial
velocities, the electron energy can be determined from its mass ratio to the proton,
giving an electron energy of approximately 1 eV. However, measurements of the
electron temperature indicate that it is 2 to 5 times the proton-ion temperature,
with a typical value of 2 x 10° °K (Reference 4). In Reference 5, Frank obtains a
value of 0.05 cm™3 for the number density of electrons greater than 33 eV, with a
temperature of 8 x 10° °K and a plasma bulk velocity of 400 km/sec. The thermal
energy of the electrons ranges, then, from 15 to 70 eV, while the thermal energies
of the 1-keV protons are less than 15 eV. This means that the flux levels of the
electrons can be greater than the proton flux levels within the neutral plasma.
Since these data for the electron distribution must be considered preliminary, com-
plete simulation of the solar wind electron component awaits clarification of the

actual environment.
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Program Description

In the above context, the experiments performed in this study represent a
preliminary simulation of the solar space environment. The objective has been to
compare the effects of the "neutralized" solar wind with the effects of its proton
component alone, with the comparison to be performed both in the presence and in

the absence of simulated solar ultraviolet radiation.

Concern for proper simulation techniques has been of major interest during
the program, arising from the assumption that the thermal electrons present in the
solar wind may contribute significantly to space radiation effects on thermal control
coatings. Moreover, numerous and well-documented observations of synergistic
effecrs (as in References 6 and 7) imply that tests for performance in a multi-
radiation source environment are inconclusive without actual tests in a reasonable
simulation of that environment. Thus the radiation exposures for this program have
been conducted in accordance with the following parameters:

e monoenergetic protons of 1-keV energy, to be representative of the
range of energies of solar wind protons;

e monoenergetic electrons of 25-eV energy, to be representative of the
energy spread of solar wind "thermal" electrons;

2

o particle exposure rates of 1 x 110 cm~ sec™!, which is more than ten-

fold acceleration over space values;

e continuum ultraviolet radiation between wavelengths of 0.2 and 0.4
microns, at approximately a 3-space-sun rate; and visible uad near infrared radio-
tion at approximately a 2-space-sun rate;

e chamber vacuum of 5 x 107 torr or better;

e temperature control of the substrates of coating specimens at 291 + 2 °K
(18 £ 2 °Q);

+4
e magnetic analysis of the proton source output to separate H' ions from
other species.
It is realized that improvements in the degree of simulc "ion are still possible,
particularly in the areas of radiation type (alpha particles and multi-energy protens
instead of monoenergetic protons) and equal exposure ratios, or the same laboretory

acceleration factor for both particles and solar electromagnetic radiation.



EXPERIMENTAL PROGRAM

Facility Description

The experimental work has been conducted using the Boeing combined radia-
tion effects test chamber (CRETC) and low energy particle accelerator (LEPA).
Overall descriptions of the equipment and its capabilities are contained in Reference

8; those features of particular interest for this program are further detailed here.

The accelerator employs an Ortec 501 RF ion source, which is capable of
supplying either hydrogen or helium ions with several species. Magnetic deflectisn
is used to analyze the ion output and separate the chosen component or specie (in

this case protons) for injection into the CRETC (Figure 1).

Several modifications within the CRETC have made the results of this pro-
gram possible. An Einzel lens (in addition to a similar one employed at the LEPA
ion source) along the positive beam axis provides a measure of magnetic defocusing
for enlarging the proton beam size. Between this lens and the coating sample array
being exposed there is placed a very low energy ("thermal ") electron source con-
sisting of two low~work-furction thermionic filaments that can be biased relative to
the sample holders, which are ot chamber ground potential (Figure 2). Each fila~
ment employs a platinum mesh strip which is dipped into a mixture of barium
carbrnate and strontium carbonate. The carbonates are converted in vacuum into
barium oxide and strontium oxide. This filament configuration, having a high ratio
of sample distance to proton bear diameter, results in reasonably efficient and
uniform neutralization characteristics for the positive ion (proton) beam. A bias of
25 volts provides o reasonable acceleration of electrons to the sample plane at

ground.

Several steps taken result in minimizing any potential charge buildup
problems within the chamber which might affect either particle veam. It is possible
to cover all dielectric materials other than coating samples with aluminum foil and
provide good paths from foils to chamber ground (Figure 2). Whereas the CRETC

normally employs a combination of cryogenic, ion, and turbomolecular vacuum
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pumping, eliminatior: of ion pump voltages (as high as 5 kV) within the chamber
eliminates the possibility of stray fields competing with the 1-kilovolt proton
potential and 25-volt eieciron potential difference. Removal of ion pump magnets

from the chamber exterior eliminates stray magnetic fields.

The matrix or combiration of environmental exposure conditions for this
program has required rather elaborate measuring or "dosimetry" techniques, For
measurement of ultraviolet radiation intensity a tempera.ure-compensated TRW DR-2
radiometer (seen inFigure 2) maps the entire planar area which is occupied by
coating samples durir exposure. Filters allow a determination of the percentage of
energy in the ultraviolet, and the resulting space ultraviolet sun rate. In addition
to radiometer measu.ements before and a’rer exposure, an in situ spectral monitoring
of the xenon continuum (described in detail in Reference 8) provides an intermittent
analysis of photon radiation level. The fact that the currert through the water-
cooled long-arc »enon sources (Figure 2) can be increased or decreased somewhat
without exceeding their temperature limits or extinguishing their arcs provides ¢
measure of compensation if lamp degradation occurs. Detection of lamp degrada-

tion and its spectral character is a principal assignment for the in situ monitor.

— o ——

Particle dosimetry is performed by Faraday cups and copper discs. As
described in Reference 8, two cups are movable, in horizontal and vertical arc-
swinging fashion, to provide information about particle beam intensity as a function
of angle from beam axis. A third, fixed Faraday cup behind the sample plane
determines particle intensity or flux at the plane by virtue of its limiting apertures
(one for each possible sample array) being in the sample wheel (Ficure 3). Circular
copper discs of the same size as test specimens are configured in a "dosimetry array"
at positions equivalent to those occupied by coating specimens when exposed
(Figure 3). The discs are insulated from the sample wheel (chamber ground), and
via feedthroughs allow monitoring of particle beam profile prior to exposure and
periodically during each exposure (when rotated into proper position). It is recog-
nized that because of backscatter and secondary emission, such discs provide flux

information relative to each other (uniformity of exposure at various sample posi~

tions), while the fixed Faraday cup most accurately determines absolute particle







flux. During dosimetry for and periodically during neutral beam exposures, proton-
only flux levels and proton/thermal electron neutrality are determined by the same

sensors, since the thermal electron filaments can be cooled momentarily.

One significant result of the program, based on the dosimetry portion alone,
is that "entrainment" of thermal (10-100 eV) electrons in the 1-keV proton beam
does not occur. That is, thermal electrons injected into the proton beam path are
not constrained or confined to whatever region the proton beam occupies at a given
time. Magnetic analysis of the positive beam provides a means for verifying this,
by sweeping protons across a portion of the sample wheel. When this is done across
dosimetry discs and Faraday cups with thermal electrons also present, deflection of
the positive beam away from the discs and cups does not yield a zero or near-zero
current reading. Such a reading would be indicative of entrainment of the electrons
in the proton beam. Rather, indicated currents become negative to about the same
extent as dosimetry~disc currents are positive in the case of protons alone. This
implies a spatial distribution of thermal electrons which is largely independent of
the presence of the proton beam. Further evidence is indicated by the requirement
for symmetrical injection of thermal electrons into the proton beam even though
injection occurs at a considerable distance from the sample plane. Injection by
thermal electron sources which are not symmetrical about the beam axis results in

asymmetrical neutralization.

Test Materials and Conditions

Two currently used types of spacecraft white thermal control coatings were
selected for study in this program. The chief selection criterion was expected per-
formance in a simulated space environment thet could lead to a buildup of electrical
charge in test specimens. Recognizing that singie crystal zinc oxide is semicon-
ducting, while aluminum oxide is insulating, leu to the selection of zinc oxide pig-
ment in potassium silicate (emploved as an inorganic binder), and aluminum c~ide
pigment in the same binder material, for their predicted contrasting characteristics

under proton exposure. |t should be noted that the reflectance of the zinc oxide



coating (commonly known as Z~93) is generally found to be stoble when exposed to
ultraviolet and degradable under charged particle exposure, while coatings using
wider band gap pigments such as aluminum oxide generally degrade in reflectance
when exposed to ultraviolet radiation, but offer relative stability when exposed to
protons alone. The results cf this program are consistent with this general observa-

tion.

Test specimens of the selected thermal control coatings were prepared and
furnished by the program sponsor, NASA-Ames Research Center, in the form of
15/16 ths-inch diameter coupons on aluminum substrates. Specifications of and

preparation details for the test samples are given in Table 1.

Table 1. Coating Test Specimen Description and Preparation

Ames Coating N-1-45: Z-93-type zinc oxide in potassium silicate
Ames Coating N-2-26 and -27: aluminum oxide in potassium silicate

Material Source Comments
ZnO New Jersey Zinc Co., P.B.R. - 5.2 Ball Milled with K,SiO3
SP-500, 99.9% pure; 4 hrs., sprayed 6 coats, overnight dry
0.25-0. 35y particle at 20°C, oven cured 1 hr at 150°C;
6 mils thick
Al203 (a) | Linde Division P.B.R. - 2.0 Ball Milled with K9SiOq
Union Carbide Co. 2 hrs., (same cure as above); 5.0 mils

99.98% pure, 1.0p particle | thick

K25103 Sylvania Electronic Products
PS-7 (359 solids)

Muitiple numbers of sumples of each coating type have been exposed to the

following array of simulated radiation environmental conditions:

e proton-only

e simultaneous proton/thermal electron (p/e)
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e ultraviolet, visible, and near-infrared (for brevity, referred to herein-
aofter as ultraviolet)

e simultaneous ultraviolet/thermal electron {e/uv)
e simultaneous proton/ultraviolet {p/uv)

e simultaneous proton/thermal electron/ultraviolet (p/e/uv)

Data Collection and Processing

The reflectance of each coating test specimen and control specimen is
measured before and after radiation exposure. Measurements are completed within
about six hours after cessation of exposure. The reflectance measurement system in-
cludes an integrating sphere in vacuum, a far UV Beckman DK-2A spectrophotometer,
a Datex SDS-1 automatic data collection system, and an I1BM 526 card punch (see

Reference 8).

Typical reproducibility of the reflectance measuring system is indicated by
the stability of reflectance of a control specimen. Repeated measurements made on
the control specimen before exposure and after each exposure segment result in

nearly exact overlays of computer-processed output curves (Figure 4).

For accurate determination of reflectance properties and coating solar ab-
sorptance (ag) values, the following procedure has been established. Each specimen
reflectance measurement is made relative to the reflectance of the magnesium oxide
coating on the integrating sphere wall. A comparison of this "normalized" reflec~
tance characteristic is made with that obtained using an integrating sphere with
sample-at-the-center technique, which is more widely regarded as delivering
absolute reflectance data with higher accuracy, if imperfections in sphere wall
uniformity and diffusivity are ignored. This establishes a "correction function”
of reflectance versus wavelength. Separate, slightly different functions have been
determined for diffuse and specular specimens. Results, as evidenced by the
reflectance vs. wavelength plots and ag values in this report, are in very good

agreement with accepted values.



REFLEC TANCE

FIGURE 4, STABLE REFLECTANCE CHARACTERISTICS OF TEMPERATURE
CONTROLLED A|203 - K25303 WHITE COATING EXPOSED TO VACUUM
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Experimental Results

Figures § through 10 present reflectance as a function of wavelength for Z-93
(ZnO—K25i03) exposed to six different environmental conditions. When exposed
to 1-keV protons alone, Z-93 degrades in both the visible and the infrared regions
(Figure 5). There is evidence of reflectance degradation beginning to saturate,
especially in the infrared, as damage after 5 x 1019 protons// em? is not much greater
than the amount of degradation measured after exposure to 2 x 1015 protons/cmz.
Neutralization of the proton beam with 25-eV electrons results in saturation of the
infrared~region damage at lower exposure fluences; Figure 6 shows that infrared re~
flectance values after 2 x 1019 protons/em? and electrons/cm? are nearly identical
to the values after 5 x 1019, [n the visible region, however, reflectance continues

to degrade significantly as particle fluences increase beyond 2 x 1015,

n
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Figures 7 and 8 indicate the relative stability of Z-93's reflectance when
exposed to ultraviolet radiation, alone and in combination with thermal electrons.
Figures 9 and 10 present reflectance properties of Z-93 when exposed simultaneously
to ultraviolet and to particle radiation. Figure 9, showing effects of protons and
ultraviolet radiation on Z-93, should be contrasted with Figure 5 (proton-only
exposure), which indicates lesser amounts of visible-region damage, but much
greater reflectance degradation in the infrared. The "triple environment" exposure
(simultaneous protons/thermal electrons/ultraviolet radiation, Figure 10) results in
degradation of the same character as that indicated by Figure 9 for proton/ultraviolet

exposure.

The reflectance degradation characteristics of A|203—-K25i03 when ex-.
posed to the same six simulated environmental conditions are presented in Figures 11
through 16. The reflectance of Aly0O3—K3SiO4 is relatively stable during proton-
only and proton/thermal electron irradiation (Figures 11 and 12). Figure 13 shows
the customary heavy damage Al,O3-—K2SiO3 sustains at the shorter wavelengths
(less than about one micron) when exposed to ultraviolet radiation. Note that re-
flectance degradation is almost completely saturated at 150 equivalent ultraviolet
sun hours (ESH). Reflectance damage of similar spectral character but greater in
extent occurs after thermal electron/ultraviolet exposure, proton/ultraviolet
exposure, and proton/thermal electron/ultraviolét exposure. Results for these three

types of simultaneous exposure are shown in Figures 14, 15, and 16, respectively.

Test results from additional test specimens exposed to these same simulated
space radiation environmental conditions are contained in Appendix A to this report.
When results indicated in Figures A-1 through A-10 are compared with the results
given in Figures 5 through 16, differences in reflectance and absorptance properties
are found to be within experimental precision, or may be ottributed to sample-to-
sample variations before exposure. In the section below, this agreement or con-
sistency allows further analysis of visible-region reflectance changes and solar

absorptance changes to be based properly on results given in Figures 5 through 16,

18
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DISCUSSION AND INTERPRETATION

Reflectance Changes

An analysis of coating reflectance changes at a wavelength of 410 mu shows
the extent of degradation sustained by Z-§3 and Al9O3—K35iO3 when exposed to
each of six environment combinations (Table 2). Also shown is the degree of ad-
ditiveness for coating degradation at 410 my. The 410-my wavelength 1s repre=~
sentative both of the wavelength region in which the solar spectrum is most intense,
and of the wavelength region in which both types of coatings are sensitive to re-
flectance degradation. In fact, visible~region degradation of Z-93 is a maximum

at 410 mp.

The entries in Table 2 for Z-93 confirm the results shown in reflectance vs.
wavelength plots (Figures 5 through 11) — that Z-93 is damage-sensitive when
exposed to particle radiation, but is quite ultraviolet-stable, Degradation of Z<93's
reflectance at 410 mp is virtually the same for the cases of proton-only and proton/
thermal electron exposure. The very smail reflectance changes due to exposure to
ultraviolet rediation are significantly enhanced by exposure to thermal electrons
and ultraviolet radiation simultaneously. In the simultaneous particle/ultraviolet
exposures Z-93 again sustains significant reflectance degradation ot 410 mu, This
is apparently due to the proton component of the multiple environment since there
is little difference between AR values obtained in measurements after simultaneous
proton/ultraviolet exposure and AR values after simultaneous proton/thermal
electron/ultraviolet eprsure. Finally, the smaller reflectance changes at 410 my
observed following simultaneous proton/ultraviolet exposure, when compared with
AR values following exposure to protons alone, suggest the existence of competing
mechanisms—proton-induced atomic displacements and photon-induced "bleaching”

or recovery of proton-caused damage—during simultaneous exposure.

As for additiveness of damage in Z-93, results show that reflectance degra-
dation at 410 my from simultaneous proton/ultraviolet exposure is less than the sum
of proton-only AR values and ultraviolet-only AR values (bottom of Table 2).

Similarly, Z-93's damage from simultaneous proton/thermal electron/ultraviolet
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Table 2, Analysis of Reflectance Degradation at A = 410 my.

ZnO~K

SiO3 {2-93)

Al,C,—K,SiO

* Type of Measurement 2" -3 2°3 2" "3
[ - - - -
Exposure Condition | % Rkz 10 AR)‘— Rpre R % R>~= aomd AR RP'e
p Preirradiation 79.2 88.8
rofons )5
only After 2x10ft 72.9 6.3 88.5 0.3
(M After 5x10'° 67.5 .7 86.9 1.9
Sim u'fanen:us Preirradiation 79. 1 89.0
H -
oo After 2x16"° | 73.2 5.9 | 89.1 -0.1
electrons (2) | Afrer 5x101° 67.0 12.1 87.4 1.6
Ultraviolet Preirradiation 80.2 89.3
only After 150 ESH 80.2 0.0 69.3 20.0.
®) After 375 ESH | 79.7 0.5 45.8 23.5
Simultaneous |  pyairradiation 79.9 90.7
ultraviolet 15
and thermal 150/2x 10 77.4 2.5 64.3 26.4
electrons (4) | 375/5¢10'° 77.2 2.7 52.2 28.5
Simultaneous Preirradiation 80.8 87.1
profonsand | 54519 /154 75.6 5.2 67.0 20. 1
ultraviolet T3
(5) 5x10'°/375 70. 8 10.0 61.8 25.3
Simul toneous Preirradiation 80.4 89.2
protons, thermal 15
fectrons, and 2x10]5/150 74. 1 6.3 62.9 2.3
ultraviolet (6) | 5x10'°/375 68.0 12.4 58.4 30.8
5118 @3) | After 210" and 150 ESH 6.3 20.3
compare with (5)]  After 5x1015 and 375 ESH 12.2 25.4
50)8 @) | After 2x10" and 150 ESH 8.8 2.7
compare with @) fter 5x10' and 375 _ESH 14.4 30.4
12) & (3) | After 210" and 150 ESH 5.9 19.9
compare with 6)|  After 5%10'° and 375 ESH 12,6 25.1

2%




exposure is less than the sum of AR values taken from proton-only exposure and
ultraviolet/thermal electron exposure. However, proton/thermal electron/
ultraviolet damage at 410 my is virtually equal to the sum of AR values from

ultraviolet-only exposure and proton/thermal electron exposure.

Reflectance degradation of the aluminum oxide—potassium silicate coating
at 410 my is found to be additive (within experimental error) in two cases of mul-
tiple environment exposure, and significantly greater than additive in a third case.
For example, reflectance changes after proton-only exposure and after ultraviolet-
only exposure when summed are nearly equal to the amount of degradation sustained
by Aly0O3~—K25i03 when exposed simultaneously to protons and ultraviolet radiation.
When AR values obtained after proton-only exposure are added to AR values due to
simultaneous ultraviolet/thermal electron exposure, the results agree quite favorobly,
with AR values sustained by Al9O3~~K55iO3 in simultaneous proton/thermal
electron/ultraviolet exposure. However, if AR values from simultaneous proton/
thermal electron exposure are added to the amounts of degradation at 410 mp dﬁe to
exposure to ultraviolet radiation alone, and then compared with AR values sustained
during simultaneous proton/thermal electron/ ultraviolet exposure, the latter values
are some 20 percent greater than the arithmetic sum. This is a case of greater-than-
additive degradation occurring in multiple environment exposure. These contrasting
results, valid both for Al 203—K,$iO3 and for Z-93, demonstrate that thermal
electrons contribute to more reflectance damage when combined with ultraviolet

radiation than when combined with 1-keV protons.

It is also observed in the case of aluminum oxide—potassium silicate that AR
values for proton-only exposure and for proton/thermal electron exposure agree
within experimental error, again indicating that thermal electrons do not contribute
materially to visible=region reflectance damage when combined with protons in
particle-only exposure. On the other hand, Table 2 shows that the combination of
thermal electrons and ultraviolet results in significantly greater reflectance degra-
dafion in AlyO3—K,SiO4 at 410 mp than does exposure to ultraviolet radiation
alone. Similarly, the proton/:hermal electron/ultraviolet combination of radiation

exposure yield= larger reflectance changes than does proton/ultraviolet exposure.
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Both cases illustrate the contribution to damage coused by the combination of ultra-

violet and thermal electron exposure.

Solar Absorptance

A weighting of the reflectance degradation characteristics of Z~93 and
Aly03—K,SiO3 relative to electromagnetic energy emitted by the sun provides
an assessment of the performance of each coating as a solar reflector or absorber.
Solar absorptance (as) numbers on a scale from zéro (no coating absorption) to
unity (total absorption of incident energy) are included in Figures 5 through 16 and
in Figures A-1 through A~10 for each type of radiation exposure, Derivation of

each solar absorptance decimal is based upon the equation

R (L (N dA
as="Rs="f}]s(x;dx

where Rc (M) is coating reflectance as a function of wavelength, 's (N) is solar
irradiance as a function of wavelength, and thus Rs is a solar reflectance value
weighted according to air-mass-zero (space) solar intensity across a given wave-
length region of interest. For thermal control evaluation purposes, more than 97
percent of solar electromagnetic energy is included by integrating between wave-
length limits of A=0.25 pand A= 2.50 y. In practice it is common to substitute
summation of coating reflectance values at chosen discrete wavelengths (Rc, 7\) and
make use of the fact fhaffls (N} dX\ = solar constant. Then
>R )\l
ag=1-Ry= 1 -t A

Further simplification is provided by choosing wavelengths that are themselves
weighted against the solar spectral intensity. If, for example, the solar spectrum is
divided into 100 wavelength bands each with one percent of total solar energy, and

coating reflectance determined at the mid-point of each band (Rc)\)' then

R
a:'l..Rs.-.."'l...z:umck
] 100




(The denominator is 100 if reflectance is on a decimal scale from zero to unity; it

is 104 if reflectance numbers are scaled from zero to 100).

What is found for both types of coatings studied [ZnO-—K:ZSiO:3 (Z-93)
and Al 203—-K25i031 is that the addition of thermal electrons to other components
of the simulated solar wind environment nearly always results in the measurement
of greater increase in solar absorptance values with exposure. Figures 17 and 18
show this effect and the general effect of increasing the complexity of environ-
mental exposure simulation. With the exception of particle-only exposure of Z~93,
the tendency to measure more damage in Z~93 when more components of the solar
wind environment are simulated in the laboratory, is apparent in Figure 17, (It
should be noted that the vertical scale of Figure 17 is expanded greatly, relative
to that of Figure 18, to separate the display of data; consequently, all three cases
of crossover in the data between the lower and upper exposure levels are at the
edge of experimental accuracy.) The experimental results ot the lower exposure
level in Figure 17 and 18 may be compared with data obtained in an earlier ex~-
ploratory program reported in Reference 9 and discussed in Appendix B. The
results for AIZO3-—K25i03 (Figure 18) are more orderly, with the "triple-
environment" (p/e/uv) simulated exposure indicating the greatest solar absorptance
damage (within experimental error). This trend in the program results is in the
direction of resolving the widely noted discrepancy between (1) large buildup of
values of the ratio of coating solar absorptance to emittance (a / ¢), os indicated
by temperature readings during space flights, and (2) lesser amounts of damage

measured after laboratory-simulated exposures.

The scope of this program has not pemmitted a study of possible effects of
other "themal” or low energy electron sources in the environmental chamber upon
exposure results. It is certainly possible for electrostatic field lines in some
chamber configurations to allow electrons to stream from any thermionic electron
source (such os a hot-filament ionization gauge) to dielectric materials such as

white-pigmented thermal control coating samples, when those samples possess a

net positive charge. The possibility then arises that any proton exposure is




Increase in Solar Absorptance ( A a, )

Increase in Solar Absorptance (Aa, )

FIGURE 17, INCREASE IN Z-93 SOLAR ABSORPTANCE
AS A FUNCTION OF EXPOSURE
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FIGURE 18, INCREASE IN AI203--K2$iO3 SOLAR ABSORPTANCE

AS A FUNCTION OF EXPOSURE
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accompanied by neutralization with electrons from some "virtual" electron source.
In this program a hot-filament ionization gauge has been used to monitor chamber
vacuum levels during all exposures. Chamber configuration is such that field lines
from gauge to samples would take a very tortuous path. Whether, then, low energy
electrons from a virtual source have contributed to reflectance changes observed
during all exposures conducted for this program is uncertain. What is clearly known
is that experimental differences in sample reflectance properties are measured

when samples are intentionally exposed to thermal electrons.

In-Vacuum Reflectance Recovery

The stability of measured spectral reflectance has been checked for selected
proton~irradiated specimens remaining in a 10‘-8 torr vacuum over a period of more
than 2 days following exposure. Results indicate that the reflectance of A1203-—
K25303 is stable to within 0.5 percent throughout the 0. 24- to 2, 5-micron wave~
length region measured. The spectral reflectance of ZnO--—-KZSiO3 (2-93) is even
more stable at wavelengths in the visible region, but improves slowly with time in
dark, 10_8 torr vacuum in the infrared wavelength region (Figure 19). This recovery
is significant because, like proton-induced degradation, it inc:;eoses in extent with
increasing wavelength, This suggests that important infomation about coating re-
flectance and emittance properties would become known by measuring further into
the infrared wavelength region (beyond the current limit of about 2. 5 microns).

Such meusurements, in fact, may be expected to contribute significantly to resolv-

ing the discrepancy between space flight and laboratory data. With this present
contribution regarding the role of thermal electrons in causing coating reflectance
damage, the discrepancy has been reduced but not eliminated. - To date, analyses

of space flight a /e ratio data generally have assumed a space-stable ¢ with

changing a. But this assumption has been based primarily upon the availability of
vacuum (in situ) a data and in-air ¢ data, Figures 5, 6, and 19 add to the growing -
body of knowledge (such as Reference 10) that suggests significant in situ emittance
changes are caused by particle exposure. Indeed there does exist information about

subtle emittance changes as measured in air (Reference 11, for example). Remem-~
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bering the observance of the dramatic "in situ effect" in 1965 (in the a region),
these more recent results using advances in simulation technology should be

sufficient incentive for extension of in situ measurements to longer wavelengths.
CONCLUSIONS AND RECOMMENDATIONS

The experimental results of this program are consistent enough to lead to
definite conclusions and recommendations for future work to resolve remaining

discrepancies between space and ground (laboratory) radiation effects data,

Conclusions

® The addition of 25~eV "themmal" electiuns to other components of the
space‘ radiation environment (solar wind protons, and solar ultroviofet and longer
wavelength radiation, separately or together) results in a pr< aonderance of some-
what greater measured reflectance degradation of two currently-used spacecraft
thermal control coatings,” Z~93.and A1203—-K25i03. The damage is not enough
greater, however, to account for the observed discrepancy between space flight
a /e (solar absorptance/emittance) ratio data, and a values determined by labora-

tory simulation,

@ Synergistic effects—differences in the mognitude of effects of multi-
environment radiation exposure from predictions based upon the arithmetic sum of
effects of single-environment exposures—exist in the coatings studied for this
program. Most notable is the near-cancellation of proton-induced infrared-region
damage in Z~-93 by the addition of ultraviolet and longer wavelength photon radia-
tion in simultaneous exposure with protons. This implies a photon-induced reflec-
tance recovery mechanism successfully competing with the proton-induced damage

mechanism.

® Reflectance changas which increase with wavelength, and reflectance

recovery with time in vacuum following proton exposure, both.imply that coating

emittance as well as absorptance is affected by radiation exposdrq.




Recommendations
This program should be followed by:

@ further improvements in the completeness of space radiation environmental
simulation in the I‘cboratory. Included should be exploratory exposure of the same
thermal control coatings to neutral hydrogen (molecular or monatomic), themal
electrons alone, alpha particles, combined protons and ah-)ha particles, and com-
binations of the last two with solar electromagnetic radiation (ultraviolet and long=~

er wavelengths).

® the establishment of capability to measure coating thermal emittance in
vacuum (in sity) following particle and ultraviolet radiation exposure. It is

believed that this is the next most plausible step to take to achieve agreement -

between laboratory predictions and space flight data,




APPENDIX A
ADDITIONAL EXPERIMENTAL RESULTS

Experimental data for most environrmental exposure conditions simulated is
available from more than one thermal control coating sample of each type studied.
Reflectance vs. wavelength plots of data from these additional (or mulitplicity)
samples are contained in this Appendix (Figures A-1 through A-10) as an indication

of the consistency of the experimental results obtained.

Results of in-air measurements on two selected coating specimens are pre-
sented in Figures A-11 and A-12, Four curves relate reflectance versus wavelength
for the conditions of (1) in air before chamber pumpdown and radiation exposure;
(2) in vacuum before radiation exposure; (3) in vacuum after exposure to 375 ESH

ultraviolet radiation; and (4) in air after chamber backfill. The ditferences in

reflectance properties as measured in air and in vacuum (in situ) are evident,
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APPENDIX B
RELATIONSHIP OF PRESENT PROGRAM TO EARLIER NEUTRAL-BEAM WORK

Initial efforts were made at Boeing in 1968 to expose representative white-
pigmented thermal control coatings to neutralized solar proton radiation. These
first tests utilized 20-keV protons in simultaneous exposures with ultraviolet radia-
tion at a rate of approximately one space sun. As in the present program, duplicate
exposures except for the presence or absence of 45-eV "themal" electrons were
conducted, Reflectance-changing effects were studied in S-13G (silicate-treated
zinc oxide pigment in methyl silicone binder) and in Pyromark (titanium dioxide
pigment in methyl phenyl silicone binder). In $-13G, which is rather ultraviolet-
stable but proton-degradable, severe reflectance degradation occurred in a wave-
length band in the visible region (Figure B-1). Neutralization of the proton beam
with themal electrons resulted in only slightly greater damage, both in the visible
and in the infrared wavelength region, where much smaller AR effects were
measured. In Pyromark, which is quite susceptible to ultraviolet radiation-induced
damage as well, reflectance degradation took place throughout the wavelength
region from 0.4 to beyond 2,0 microns. Somewhat greater reflectance damage
occurred as a result of exposure to themal electrons along with protons and ultra-

violet radiation (Figure B-2).

After these results were obtained, Famsworth and others conducted an
exploratory study of the effects of thermal electrons on the same coatings employed
in the present program. This study reported substantially less spectral reflectance
degradation occurring in coating samples exposed to thermal electrons simultan-
eously with either (a) 1-keV protons or (b) proton/ultraviolet radiation, cempared
with degradation occurring in proton or proton/ultraviolet exposures (respectively)
without thermal electrons (Reference 9). Also reported was considerably less spectral
and g domage in A1203-—K25303 after simultaneous particle/ultraviolet exposures

than after ultraviolet-only exposure. There are several potential reasons for these
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observations in contrcst with those of the present program. The isolation of protons
from their mixed ion source output was somewhat in Joubt, due to no magnetic
anclysis, proximity of ion source to samples, ond poor vacuum levels during expo-
sure. Various samples received considerably different particle exposure fluences
due to nonuniform particle flux across the exposure beam. Total ideal exposure
was to be 2 x 10‘5 parﬁ«:les/c:m2 with 375 ESH ultraviolet radiation simultaneously
on appropriote samples. Thus a different ratio of particle/ultraviolet exposure was
involved. Finally, whereas in the present program particle~only exposures have
been performed separately in the dark, particle-only results from this earlier study
were based on exposure with an attendant background of light reflected onto "par-
ticle~only" samples from various portions of the environmental chamber. In view
of indicated interactions between proton and photon radiation, these differences
should be kept in mind if results and conclusions from the two programs are com=

pared.
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